Do Hardy-type proposals test nonlocality of single-particle? 
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It is argued that Hardy-type proposals assume either nonlocality at detection, and then beg 
the question, or "local empty waves", and then have to accept "many worlds" and cannot prove 
nonlocality. 
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An experiment demonstrating single-photon nonlocal- 
ity at detection has been recently presented and discussed 
[U [5] . Against the claim of demonstrating single-particle 
nonlocality in a so simple way one could object that a 
"more sophisticated" probe of single-particle nonlocality 
has been proposed by Lucien Hardy in 1994 [3], and im- 
proved recently by other authors [H |5] . 

However, Hardy's argument is based on the following 
axiom in the experimental context of Figure [ij 

"Detecting a particle on ui and detecting a particle on 
U2 never happens" because "no more than one photon is 
emitted from the source at any time." [U H] 

This axiom takes clearly for granted the result of our 
experiment [1] |2] , and therefore Hardy's argument cither 
tacitly assumes as an axiom the nonlocality it aims to 
prove, or it assumes "empty waves" as local hidden vari- 
ables. Since the argument leads to a contradiction, this 
means that at the very most Hardy's proposal rules out 
local hidden variables, although without inequalities. 

Hardy's argument is conceived as a ladder of four 
gedanken-experiments using the scheme sketched in 
Figure [l] [21 |3]. Alice and Bob each have two choices, 
which lead to the four possible Experiments 1-4 de- 
scribed below. The input state incident on s, and 
the corresponding coherent states incident on a and 
b are chosen in a way that quantum mechanics yields 
the outcome predictions correspondingly listed to the 
following Experiments 1-4' 

Experiment 1 : Alice and Bob both decide to set a 
detector on their paths ui respectively U2 (dashed detec- 
tors). 

Quantum mechanical prediction: If Alice detects a par- 
ticle on Ml, then she can infer that Bob detects nothing 
on U2, and viceversa, if Bob detects a particle on U2, he 
can infer that Alice detects nothing on ui. (Notice that 
if Alice (Bob) detects nothing on ui (1*2), she (he) cannot 
infer that Bob (Alice) detects a particle on U2 (ui))- 

Regarding this Experiment 1 Hardy's argument states: 
"In this case, it is clear that they cannot both detect 
a photon since no more than one photon is emitted 
from the source at any time. This means that detecting 
a particle on ui and detecting a particle on U2 never 
happens." Hi] 
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FIG. 1: Hardy's scheme: Alice/Bob can either directly set 
a detector on her/his path (dashed detectors), or she/he can 
make a homodyne detection by combining her/his path with a 
local oscillator at a 50:50 beam splitter BSl respectively BS2 
(solid detectors). The source (not represented) is supposed 
to be single-photon. The vacuum is incident on the mode t\ 
the input state is incident on mode s with no more than one 
photon at any time; the coherent states incident on modes a 
and 6 act as local oscillators. 



Experiment 2: Alice makes a homodyne detection at 
ci and di , by combining the state on path ui with a local 
oscillator (coherent state) a, at her 50:50 beam splitter 
BSl. Bob, meanwhile, makes the same measurement as 
in Experiment 1. 

Quantum mechanical prediction: If Alice detects a 
particle at di and nothing at ci, then Bob must detect 
one particle. 

Experiment 3: The roles of Alice and Bob are reversed: 
Alice sets her detector on path ui and Bob makes a ho- 
modyne detection at C2 and d2. 

Quantum mechanical prediction: if Bob detects one 
particle at ^2 and nothing at C2, then he can infer that 
Alice must have detected a particle in path ui. 

Experiment 4 '■ Both Alice and Bob choose to make 
homodyne detections. 

Quantum mechanical prediction: According to quan- 
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turn mechanics the experiment can have different 
outcomes. One of the possible ones is that Alice records 
one particle at c?i and nothing at ci, while Bob records 
one particle at d2 and nothing at C2. 

Suppose now the following reasoning: The result of 
Experiment 4 contradicts Experiment 1 : Indeed, accord- 
ing to Experiment 2 Alice infers from her measurement 
that a single particle must have traveled along path U2 
towards Bob. At least, this is true in the sense that, had 
Bob put his detector in path U2^ he would have been 
guaranteed to detect a particle. However, according 
to Experiment 3, at the same time Bob infers from his 
measurement that a single particle must have traveled 
along path ui towards Alice. According to Experiment 
1 Alice and Bob cannot both be right. 

Hardy pointed out that this reasoning does tacitly 
assume locality, and without this assumption the con- 
tradiction disappears: Alice might deduce from her 
result that, had Bob measured the number of particles 
in path U2, he would definitely have detected exactly 
one. However, if Bob had measured U2 instead of the 
homodyne measurement he did make, there might have 
been a nonlocal influence from Bob's end to Alice's 
end and then she might have obtained a different 
measurement outcome. [Sj S] 

The first step of Hardy's ladder, i.e., Experiment 1, has 
clearly the character of an axiom stating the principle of 
"one photon one count", i.e., conservation of energy in 
each individual quantum event, in the very same experi- 
ment presented in [2]. This could mean that Hardy's ax- 
iom Experiment 1 tacitly assumes as an axiom the nonlo- 
cality at detection demonstrated in Jj. But then Hardy's 
argument would assume just the nonlocality it searches 
to prove, and not be able of falsifying local theories with- 
out hidden variables even in principle. Notice that this 
is not the case of Bell- type experiments, as discussed in 

m- 

Consequently to avoid begging the question Hardy- 
type experiments should assume "local empty waves" 
(i.e., local hidden variables). Consider the statement at 
the core of Hardy's argument: 

"if Bob had measured U2 instead of the homodyne mea- 
surement he did make, there might have been a nonlocal 
influence from Bob's end to Alice's end and then she 
might have obtained a different measurement outcome" . 

This amounts to explain things as follows in terms of 
"local empty waves" : 

Suppose the empty wave travels along path ui and 
the particle along U2. If these paths are not monitored, 
nonlocal coordination between the decisions at the beam- 
splitters BSl and BS2 is possible and the result expected 
in Experiment 4 may appear. By contrast if Alice had 
put her detector on ui, the "empty wave" traveling this 



path would not have reached BSl and therefore the non- 
local coordination between the decisions at BSl and BS2 
would disappear. Consequently Bob would obtain a dif- 
ferent result, that is one that does not allow him to con- 
clude there is a particle on ui. 

In other words, what Hardy-type proposals test are lo- 
cal hidden variables models deriving from the assumption 
of outcome's decision at the beam-splitters, although a 
Hardy-type experiment would refute local hidden vari- 
ables not through an statistical result (like the conven- 
tional Bell- type experiments do), but through a single 
measurement like the GHZ argument does [5]. 

Nonetheless, (as discussed in [2]) local hidden variables 
lead to "many worlds" , and accepting "many worlds" 
means to accept locality. Therefore arguments refuting 
only local hidden variables but not "many worlds" are 
not useful to prove nonlocality. We repeat the essential 
of this argument: 

Regarding "many worlds" John Bell said: 

"The 'many world interpretation' seems to me an ex- 
travagant, and above all an extravagantly vague, hypoth- 
esis. I could also dismiss it as silly. And yet... It may 
have something distinctive to say in connection with the 
'Einstein Podolsky Rosen puzzle', and it would be worth- 
while, I think, to formulate some precise version of it to 
see if this is really so." (0 P- 194). 

As it appears, Gilles Brassard and Paul Raymond- 
Robichaud have now achieved to formulate such a "pre- 
cise version" with their theory of "paralell lives" [5] . This 
version has really something distinctive to say in connec- 
tion with the "EPR puzzle" , that is: Refutation of local 
hidden variables (by the violation of Bell's inequalities or 
other means) doesn't mean refutation of locality. 

Hardy-type proposals refute local hidden variables 
("empty waves") but not "many worlds" or "parallel 
lives". Hence they cannot be considered to prove non- 
locality. 

Whether Hardy-type experiments can be considered 
"single-particle" ones is matter of debate [H [3] (likely 
because the concept of "single-particle experiment" has 
not been well defined). As a matter of fact Hardy-type 
experiments use 4 detectors, like the Bell-type experi- 
ments (instead of only 2, like the experiment presented 
in [B 12 ) • But in any case this issue is not of interest for 
the sake of our discussion. 

In conclusion. Hardy-type experiments either assume 
the nonlocality they aim to prove, or assume "local empty 
waves" and don't prove nonlocality. By contrast "[the] 
nonlocality of a single particle expressed by Einstein at 
the 1927 Solvay Conference" [31 2] is demonstrated by the 
experiment presented in [T] . The nonlocality this experi- 
ment proves [2] is more basic than Bell's nonlocality and 
rules the whole quantum mechanics: It appears already 
at the level of single particle experiments (requiring only 
2 detectors), and not first in entanglement experiments 
involving 2 or more particles (requiring at least 4 detec- 
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tors). This may open the road to deriving the "abstract 
quantum algebra" from principles with a clear physical 
content like free will, conservation of energy, and locality 
emergent from nonlocality |10j . 
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